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Abstract 


The  manufacture  of  polymer  composite  materials  has  benefited  greatly  from  the  development 
of  computer-based  simulation  tools  and  sensor-based  instrumentation.  The  present  research 
offers  a  unique  and  powerful  interface  for  collecting,  integrating,  analyzing,  and  rendering 
critical  data  related  to  a  dynamic  composite  manufacturing 'process:  These  operations  are 
executed  in  real  time  over  the  internet,  permitting  unprecedented  flexibility  and  speed  in 
deploying  and  using  the  manufacturing  "tools."  These  tools  include,  but  are  not  limited  to,  resin 
flow  sensors,  a  model-based  resin-flow  reconstruction  procedure,  and  a  user  friendly  display  for 
remotely  manipulating  and  monitoring  composite  process  events.  The  interface  developed  herein 
is  critical  not  only  in  improving  the  fundamental  visualization  of  a  process  but  also  as  a  means 
of  practically  communicating  process  information  between  geographically  distinct  locations. 
Thus,  manufacturing  concerns  with  only  modest  computer  infrastructure  can  remotely  leverage 
these  tools  to  improve  the  quality,  performance,  and  cost  of  their  products  without  the  need  for 
significant  investment  in  high  performance  computing  infrastructure. 
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1  Introduction 


Composite  materials  are  increasingly  being  used  in  Army  combat  systems.  They  offer 
strength,  are  lightweight,  and  as  such  are  faster  to  deploy.  Composite  parts  provide  excellent 
protection  from  projectiles  due  to  their  energy-dispersing  characteristics.  Thick  composites, 
in  which  additional  protective  materials  such  as  ceramic  plates  can  be  placed,  provide  even 
better  protection.  An  interesting  ability  with  composites  is  that  “in-situ”  sensors  can  be  in¬ 
corporated  into  a  composite  part  during  its  manufacture.  These  types  of  sensors  can  be  used 
to  monitor  manufacturing  processes  while  having  little  or  no  effect  on  final- mechanical  and 
structural  properties.  Sensors  can  indicate  or  delineate  different  phases  of  a  manufacturing 
process  and  determine  when  the  process  is  complete.  Sensors  remaining  in  a  composite  part 
after  manufacture  can  also  be  used  for  health  monitoring  of  the  part  over  its  lifetime.  There 
is  also  currently  an  emphasis  on  the  creation  of  “intelligent”  or  “smart”  composite  structures. 
Sensors  in  smart  structures  would  provide  data  to  be  applied  for  controlling  the  manufac¬ 
turing  process.  The  development  of  smart  structures  addresses  the  lack  of  consistency  and 
uniformity  in  composite  part  manufacturing  today. 

Liquid  composite  molding  (LCM)  processes  such  as  resin  transfer  molding  (RTM)  and 
structural  reaction  injection  molding  (SRIM)  are  high-potential  manufacturing  methods  for 
fabricating  high-strength,  high-volume  composite  parts.  In  general,  a  fiber  preform  is  placed 
inside  a  matched-die  mold  and  a  reactive  liquid  resin  is  injected  into  the  mold  cavity  through 
a  number  of  ports  into  porous  areas  of  the  preform.  A  number  of  vents  are  also  put  into  the 
mold  cavity  to  prevent  excessive  pressures  and  help  guide  the  resin  flow. 

However,  composite  parts  are  still  generally  cured  in  autoclaves,  ovens,  or  presses  using 
empirically  based  “recipe”  cures.  The  variability  in  batch-processed  raw  materials,  degra¬ 
dation  during  shelf  life  and  out  time,  and  environmental  factors  such  as  temperature  and 
humidity  can  rarely  be  accounted  for  with  the  use  of  recipe  cures.  As  a  result,  recipe  cures 
usually  require  a  high  degree  of  post  fabrication  inspection  and  frequently  produce  less  than 
optimum  parts.  They  also  have  the  potential  to  yield  very  high  levels  of  scrap,  especially  for 
complicated  geometries.  In  order  to  offset  this  to  some  degree,  recipe  cures  are  conservatively 
designed  to  maximize  polymerization.  This  results  in  an  unnecessary  increase  in  process  cy¬ 
cle  time,  inefficient  equipment  utilization,  shorter  tool  life,  and  inflated  processing  costs. 
Most  previous  attempts  to  solve  the  problems  inherent  in  recipe  cures  have  concentrated  on 
reducing  batch-to-batch  variations  in  raw  materials  and  preproduction  “proof’  processing 
to  accommodate  those  variations.  This  approach  has  been  only  moderately  successful  and 
not  optimally  cost  effective. 

Certainly  a  more  practical  and  elegant  approach  that  would  overcome  these  problems 
would  be  to  create  a  monitoring  and  control  methodology  that  would  be  capable  of  assessing 
and  subsequently  modifying  the  actual  condition  of  the  material  in  real  time  or  near  real 
time  as  it  is  being  processed.  This  methodology  must  acquire  data  that  are  indicative  of 
where  the  flowing  resin  is  in  relation  to  the  ports  and  vents  in  the  mold  cavity.  Optimally, 
the  actual  location  of  the  flow  front  would  be  determinable  from  the  data.  Current  studies 
of  multiregional  flow  in  LCM  processes  do  not  determine  actual  flow  front  location  using 
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real  time  sensor  data  during  the  process  [1,  2,  3].  Another  valuable  flow  state  variable  to 
know  is  flow  front  velocity,  since  location,  speed,  and  direction  would  fully  describe  flow 
in  the  immediate  future.  Both  the  acquisition  of  data  and  reconstruction  of  the  flow  must 
be  completed  in  a  short  time  relative  to  the  speed  of  the  flow  front.  However,  assuming 
that  data  acquisition  and  reconstruction  of  the  flow  is  fast  enough,  the  flow  must  still  be 
quickly  and  accurately  visualized.  Furthermore,  the  location  of  the  flow  front  must  be  easily 
interpretable  from  the  visualization  without  requiring  any  detailed  knowledge  of  the  acqui¬ 
sition,  reconstruction,  and  visualization  methodology.  This  requires  a  robust  combination 
of  data  acquisition,  data  analysis,  and  data  visualization  techniques  to,  produce  a  fast  and 
easily  understood  tool.  Furthermore,  to  perform  process  control,  the  visualization  tool  must 
quickly  respond  to  analysis  results  to  modify  flow  parameters,  e.g.,  port  injection  pressure, 
activation/shut  off  of  injectors,  etc. 

In  this  report  we  describe  the  development  of  a  visualization  tool  used  to  monitor  and  dis¬ 
play  the  resin  flow  during  fabrication  of  organic  matrix  composite  laminates.  The  tool  uses 
dynamic  sensor  data  generated  during  part  manufacture  and  was  developed  around  a  flexible 
and  powerful  scientific  visualization  framework.  The  successful  integration  of  network-based 
data  acquisition,  fast  finite  element  based  reconstruction  (smoothing)  and  contouring  al¬ 
gorithms,  and  scientific  visualization  tools  are  described.  The  results  of  using  the  tool  to 
visualize  flow  during  fabrication  of  laminates,  including  flat  panels  and  more  complex  parts, 
are  discussed. 


2  Developing  a  Visualization  Tool 


2.1  Data  Acquisition 

The  U.S.  Army  Research  Laboratory  has  de¬ 
veloped  a  system  known  as  SMARTweave  (Sen¬ 
sors  Mounted  As  Roving  Threads)  [4,  5,  6]. 
This  is  a  novel  approach  of  creating  sensors  by 
weaving  flexible  conductive  fiber  tows  through 
composite  preforms.  Generally,  a  set  of  parallel 
tows  is  placed  between  two  preform  layers.  A 
second  set  of  parallel  tows  is  placed  at  about  90° 
to  the  first  set  between  different  layers  of  pre¬ 
form  material.  Sets  of  tows  are  placed  between 
different  preform  layers  to  prevent  them  from 
coming  in  contact  with  each  other.  These  tows 
are  then  multiplexed  with  low-voltage  electri¬ 
cal  current  being  applied  to  one  set  of  tows  and 
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Figure  1:  A  SMARTweave  7x7  Sensor 
Grid. 

sensing  by  voltage  measurement  being  performed  on  the  other  set  of  tows.  Basically,  a  sensor 
grid  is  formed  in  which  sensor  locations  are  where  tows  overlap  one  another.  For  example, 
a  7  x  7  grid  would  yield  49  sensor  locations  as  shown  in  Figure  1. 
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This  type  of  setup  is  easily  applied  to  simple  preform  shapes,  such  as  relatively  thin, 
flat  panels.  However,  any  number  of  tows  or  sets  of  tows  in  any  orientation  relative  to  each 
other  can  be  placed  in  a  composite  preform.  This  is  limited  by  the  size  and  geometry  of  the 
preform  itself  and  not  by  the  size  or  geometry  of  the  sensor  tows.  This  means  sensor  grids 
can  be  placed  throughout  a  preform  of  any  thickness.  Therefore,  sensor  grids  can  be  placed 
in  any  part  of  a  preform,  including  curved  sections  and  around  corners  from  one  plane  of  the 
part  to  another.  This  gives  the  SMARTweave  system  high  flexibility  and  wide  applicability. 

The  SMARTweave  system  has  the  potential  to  collect  data  from  any  position  in  a  com¬ 
posite  preform  and  thus  determine  the  current  location  of  the  global  flow  front.  Early  devel¬ 
opments  in  the  SMARTweave  system  produced  a  simple  yet  effective  monitoring  system.  The 
multiplexed  data  collected  at  the  grid  overlap  points,  or  sensor  locations,  are  interpreted  by 
customized  National  Instruments  LabVIEW  software  running  on  a  personal  computer  (PC). 
Based  on  predetermined  thresholds,  voltages  at  the  sensors  were  indicative  of  whether  or 
not  resin  had  filled  the  sensor.  The  user  was  presented  a  graphical,  two-dimensional  (2D) 
representation  of  the  preform  that  was  colored  based  on  voltage  readings  from  the  sensors 
or  whether  or  not  voltage  thresholds  had  been  exceeded.  However,  this  visualization  tool 
was  constrained  in  two  ways.  First,  only  2D  cases  could  be  fully  visualized,  and  second,  the 
2D  representation  was  constructed  using  rectangles  delimited  by  the  grid  tows.  This  always 
produced  a  flow  front  with  90°  steps  as  shown  in  Figure  2.  Of  course,  more  tows  could  be 
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Figure  2:  Early  Visualization  Interface. 

added  to  decrease  this  effect,  but  a  great  advantage  of  the  SMARTweave  system  is  that  flow 
can  be  determined  where  there  are  no  sensors  by  analyzing  sparse  sensor  data.  Flow  in  these 
areas  could  not  be  accurately  shown  with  the  “blocky”  output  from  the  early,  PC-based, 
visualization  tool.  Also,  adding  more  tows  becomes  impractical  at  a  certain  point. 

The  SMARTweave  system  is  designed  to  be  inexpensive  and  is  taken  “on  the  road” 
to  perform  analysis  and  gather  data  quickly.  In  order  to  visualize  three-dimensional  (3D) 
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experiments,  a  method  was  developed  to  transfer  the  data  from  the  monitoring  computer 
to  a  Silicon  Graphics  Incorporated  (SGI)  workstation  in  near  real  time.  The  SGI  computer 
system  was  chosen  for  several  reasons.  Most  importantly,  the  SGI  has  graphics  hardware 
and  software  that  allows  users  to  easily  render  and  manipulate  3D  objects.  This  is  done 
using  Open  Inventor,  which  is  an  object-oriented  3D  toolkit  based  on  Open  GL  (Graphics 
Library) [7].  Open  GL  is  the  interface  by  which  the  graphics  hardware  is  controlled.  Secondly, 
the  OSF /Motif  (Open  Software  Foundation)  programming  toolkit,  which  is  built  on  top  of 
the  XI 1  code  used  for  the  UNIX  windows  environment  on  the  SGI,  is  used  to  implement  user 
interface  components,  such  as  menus,  scroll  bars,  message  boxes,  and  buttons.  Mechanisms 
exist  that  incorporate  the  Motif  and  XI 1  components  with  the  Open  Inventor  components. 

Remote  acquisition  of  process  or  laboratory  data  in  real  time  or  near  real  time  is  a 
powerful  application  that  Internet  access  provides  [8].  Routines  were  written  on  the  PC 
and  on  the  SGI  to  allow  communication  between  the  two  existing  TCP/IP  (Transmission 
Control  Protocol/Internet  Protocol)  network  channels.  The  LabVIEW  software  on  the  PC 
has  routines  specifically  for  TCP/IP  network  communication.  These  routines  were  used  to 
allow  the  PC  user  to  input  the  internet  address  of  the  SGI  workstation  and  the  port  to 
which  it  should  connect.  The  PC  then  collects  data  at  user  set  intervals  and  sends  bursts 
of  data  over  the  network  to  the  SGI  workstation.  The  SGI  workstation  could  have  been 
used  as  the  data  acquisition  device.  However,  an  effective  and  highly  portable  PC-based 
data  monitoring  system  existed,  allowing  dedication  of  the  SGI  to  data  analysis  and  flow 
rendering.  The  PC  was  fitted  with  a  network  card.  Code  was  written  for  the  SGI  that  allows 
the  user  to  specify  a  TCP/IP  socket  which  will  act  as  a  listener.  This  is  done  in  the  SGI  user 
interface  for  the  SMART weave  monitoring  system.  Most  workstations  in  the  SGI  family  are 
network-ready.  This  system  of  data  acquisition  and  transfer  has  two  advantages.  It  does  not 
require  specialized  connectors  to  interface  the  two  computers,  and  it  allows  for  distributed 
data  collection  and  visualization. 

2.2  Reconstructing  the  Flow  Front 

Any  number  of  sensors  can  be  created  in  the  SMART weave  system.  However,  it  is  desirable  to 
use  as  few  sensors  as  possible  to  collect  data  without  losing  information  necessary  for  correctly 
determining  flow  front  location.  Currently,  the  capability  exists  to  visualize  sensor  activity 
in  near  real  time.  Sensor  points  are  turned  on  when  they  are  filled  as  resin  flows  through  the 
preform.  However,  we  also  want  to  know  where  the  flow  front  is  between  the  sensor  points. 
Off-line  capability  has  been  developed  to  quickly  reconstruct  the  flow  front  based  on  sensor 
locations  and  sensor  activation  (on)  times  [9].  In  the  2D  case,  the  reconstruction  (smoothing) 
algorithm  uses  a  triangular,  quadratic,  and  computationally  efficient  element  possessing  9 
degrees-of-freedom  (DOF)  to  locate  the  flow  front  in  time  based  on  a  finite  element  model. 
The  response  of  this  particular  smoothing  element  (in  finite  element  notation)  is  dictated  by 
three  separate  components  and  can  be  summarized  as 

lK‘]{u‘}  =  ([ K'}  +  [K*]  +  [JfJ])K}  =  {/•},  (1) 
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where  Ks,  Ka,  and  Kp  symbolically  represent  the  contributions  of  least-square  error,  gradi¬ 
ent  control,  and  curvature  constraint,  respectively,  and  ue  represents  the  nodal  DOF.  The 
interpolation  function  Ue  within  an  element  is  written 

U‘  =  [AIK},  (2) 

where  [N]  are  the  element  shape  functions.  The  function  Ue  is  related  to  the  piecewise 
representation  of  the  smooth  function  U(x,  y),  defined  in  region  Cl,  contained  in  Euclidean 
2D  space,  by 
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where  Ne  is  the  number  of  finite  elements,  7VJ  is  the  number  of  data  points  falling  within 
an  element’s  space,  Ui  =  u(xi,yi)  is  an  arbitrary  representative  data  set,  and  Ue,  9%,  and  0® 
are  functions  restricted  to  an  element’s  domain.  The  data  weighting  constant,  derivative,  or 
gradient  constraint  constant,  and  the  curvature  constraint  constant  are  represented  by  uj ,  a, 
and  f3,  respectively.  In  this  case,  the  data  set  Ui  is  time.  An  expression  for  Ke,  Ka,  Kp,  and 
/e  results  from  the  minimization  of  functional  equation  (3)  with  respect  to  the  nodal  DOF, 
H  =  0,  and  combination  with  equation  (2).  Further  description  of  the  mathematical  model 
is  available  [9]. 

The  algorithm  determines  the  time  solution  for  every  node  in  the  finite  element  model 
given  the  times  sensors  are  activated.  Thus,  sparse  data  from  a  small  number  of  sensors  are 
analyzed  to  get  data  over  the  entire  finite  element  model,  which  gives  the  resin  flow  front 
at  discrete  time  intervals.  Some  elements  will  have  all  their  nodes  in  the  filled  (on)  state, 
some  will  have  all  their  nodes  in  the  unfilled  (off)  state,  and  some  will  have  only  one  or  two 
nodes  in  the  filled  state.  Any  element  that  has  only  one  or  two  nodes  on  is  considered  to  be 
partially  filled  with  resin.  A  linear  first  approximation  contouring  methodology  was  used  to 
determine  what  areas  of  partially  filled  elements  should  be  considered  filled.  Contouring  is 
generally  not  necessary  for  a  relatively  fine  finite  element  mesh.  However,  since  contouring 
is  only  applied  to  partial  (filled)  elements,  it  is  only  applied  along  the  flow  front.  Contouring 
a  relatively  small  number  of  partial  elements  can  take  less  time  than  smoothing  a  very  fine 
mesh  in  order  to  avoid  contouring,  since  solving  for  such  a  mesh  can  be  computationally 
intensive. 

Consider  the  meshes  shown  in  Figure  3.  Figure  3(a)  is  a  2D  finite  element  mesh,  or  grid, 
with  the  flow  front  moving  from  left  to  right.  Figure  3(b)  is  the  same  grid  with  four-element 
refinement  applied  to  the  partial  elements  along  the  flow  front.  Four-element  refinement  is 
the  process  of  creating  four  new  elements  that  collectively  describe  the  same  area  in  space 
as  the  partial  element  they  temporarily  replace  such  that  the  flow  front  is  delineated,  or 


5 


right. 


(b)  Four  element  refine¬ 
ment  applied. 


(c)  Front  progression 
with  refinement. 


Figure  3:  “Coarse”  2D  Finite  Element  Mesh  With  Moving  Flow  Front. 


contoured,  in  the  area  of  the  partial  element.  The  flow  front  is  contoured  in  the  partial 
element  because  each  temporary  new  element  is  either  completely  in  the  flow  region  or 
completely  out  of  the  flow  region.  Figure  3(c)  shows  four-element  refinement  applied  to  the 
flow  front  later  in  time.  The  12  elements  down  the  middle  of  the  grid  have  been  reset  to  their 
original  size  and  their  original  position.  These  elements  have  gone  from  partial  elements  to 
filled  elements,  whereas  the  12  elements  to  their  right  have  gone  from  empty  elements  to 
partial  elements.  As  the  flow  front  moves  through  the  grid,  nodes  and  elements  are  added 
and  removed  from  it  as  necessary  to  contour  partial  elements. 

Figure  4  shows  a  “fine”  finite  element  mesh.  Figure  4(a)  is  a  refined  grid  with  the  flow 
front  moving  from  left  to  right.  Figure  4(b)  is  the  same  grid  with  elements  repositioned 
along  the  flow  front,  but  no  further  refinement.  Nine  elements  are  dynamically  replaced 
with  36  elements  in  Figures  3(b)  and  3(c).  An  original  finer  mesh  is  used  in  Figures  4(a) 
and  4(b)  with  simple  element  repositioning  by  node  relocation.  In  order  to  use  as  coarse  a 
grid  as  possible  and  minimize  processing  time,  Dynamic  Mesh  Refinement  (DMR)  as  shown 
in  Figures  3(b)  and  3(c)  was  used  for  flow  front  contouring. 


2.3  Developing  the  Visualization  Interface 

Visualization  and  modeling  in  various  areas  of  industry  and  research  (e.g.,  textile  materials, 
satellite  images,  virtual  environments,  etc.)  is  becoming  increasingly  important  [10,  11,  12]. 
Realistic  and  accurate  representation  of  objects  or  images  is  often  necessary  to  meet  design 
or  system  requirements.  Open  Inventor  is  designed  to  create  and  display  3D  objects.  All 
of  the  information  about  an  object,  such  as  its  size,  position,  color,  etc.  is  stored  in  a  data 
structure  known  as  a  scene  database.  This  scene  database  is  visually  similar  to  a  tree 
structure.  When  the  scene  database,  or  scene  graph,  is  displayed  or  rendered,  it  is  traversed 


6 


(a)  Front  moves  left  to  right. 


(b)  Element  repositioning  by 
node  relocation. 


Figure  4:  “Fine”  Finite  Element  Mesh  With  Moving  Flow  Front. 

top-down,  left-to-right.  For  any  object,  the  design  is  logical  and  can  be  easily  understood  by 
traversing  the  scene  graph.  Finite  element  mesh  geometry  of  an  object  can  be  formatted  into 
an  Open  Inventor  scene  graph.  The  flow  visualization  interface  quickly  reads  and  formats  a 
NASTRAN  (finite  element)  file  into  an  Open  Inventor  scene  graph,  which  renders  the  object 
described  by  the  file.  However,  any  data  file  specifying  nodes  and  nodal  connectivity  can 
be  used  [13].  The  NASTRAN  file  is  generated  from  Parametric  Technology  Corporation 
Pro/ENGINEER  computer-aided  design  (CAD)  software.  The  same  finite  element  mesh 
used  for  rendering  the  object  is  used  for  smoothing  and  contouring,  and  also  for  performing 
flow  simulations.  Thus,  the  mesh  should  not  be  made  too  fine  or  too  coarse.  If  the  mesh  is 
too  fine,  it  results  in  slow  rendering  and  contouring,  but  very  good  simulations.  If  the  mesh 
is  too  coarse,  it  results  in  bad  simulations,  but  fast  rendering  and  contouring. 

The  time  to  complete  smoothing,  contouring,  and  rendering  tasks  must  be  small  relative 
to  the  speed  of  the  flow  front  in  order  to  accurately  display  the  flow  front  when  new  sensor 
data  are  received.  If  the  computation  time  required  to  complete  these  tasks  is  too  large  the 
displayed  flow  front  will  lag  in  time  behind  the  actual  flow  front.  The  visualization  interface 
allows  the  user  to  turn  off  smoothing  and  contouring  in  order  to  view  the  sensor  state  only. 
The  interface  can  also  apply  only  smoothing  to  sensor  data.  In  this  case,  the  time  solution 
for  each  node  in  the  mesh  is  compared  to  the  current  time  and  any  node  with  time  less 
than  or  equal  to  the  current  time  is  a  filled  node.  The  interface  uses  color  shading  around 
nodes  to  distinguish  between  filled  and  empty  nodes.  However,  shading  by  node  gives  the 
flow  front  a  step-like,  unsharp  edge.  This  method  gave  better  results  than  the  PC-based 
“blocky”  display,  but  still  did  not  clearly  delineate  the  flow  front.  An  example  of  this  is 
shown  in  Figure  5. 

As  can  be  seen  in  the  figure,  active  sensors  are  displayed  in  white  and  unactivated  sensors 


Figure  5:  “Bloeky”  Effects  From  Coloring  by  Node. 

are  shown  in  black.  Resin-filled  areas  are  shown  in  dark  gray  and  void  areas  are  shown  in 
a  lighter  gray.  Notice  that  the  flow  front  is  “fuzzy.”  There  is  no  clear  defining  line  for  the 
resin  front.  These  results  provided  the  impetus  to  develop  element  shading  with  DMR  for 
contouring,  which  gives  the  flow  front  a  well-defined  edge  without  step-like  contours  between 
nodes.  This  approach  shows  the  entire  flow.  An  approach  was  also  developed  to  show  only 
the  flow  front,  in  which  nodes  on  the  front  are  marked  by  spheres  and  connected  using 
straight-line  segments.  Results  from  these  methods  are  shown  in  the  following  section. 

3  Flow  Visualization  -  Case  Studies 

3.1  Flat  Panels 

The  SGI  visualization  interface  was  first  ap¬ 
plied  to  monitoring  flow  in  flat  panels  fabri¬ 
cated  using  the  Seemann  Composite  Resin  Infu¬ 
sion  Molding  Process  (SCRIMP)  [14].  SCRIMP 
uses  a  resin  distribution  system  so  that  pre¬ 
forms  with  very  large  surface  areas  can  be  im¬ 
pregnated  by  vacuum  force  alone.  This  resin 
distribution  system  usually  consists  of  a  high- 
permeable  medium  placed  between  the  fiber 
preform  and  the  mold  surface.  It  can  also  be 
Panel  With  augmented  with  grooves  cut  in  the  core  or  the 
mold.  Using  SCRIMP  allowed  testing  of  the  vi¬ 
sualization  interface  quickly  and  easily  without 
The  process  also  allows  the  flow  fronts  to  be  visually  tracked. 
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Figure  6:  Experimental  Flat 
16  x  16  Sensor  Grid. 

requiring  use  of  an  autoclave. 
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Figure  6  shows  a  flat  panel  with  a  16  x  16  sensor  grid.  Sensor  locations  are  delineated  by 
the  dark  spheres  coincident  with  the  panel. 

The  panel  was  impregnated  with  resin  (simulated  with  colored  corn  syrup)  from  the 
center.  The  center  is  marked  by  the  small  diamond-shaped  hole.  Figure  7  shows  several 
rendering  abilities  of  the  scientific  visualization  system.  Figure  7(a)  shows  the  sensor  data 
when  the  panel  was  about  half  filled  with  resin.  Sensors  that  are  on  are  colored  white, 
and  sensors  that  are  off  are  colored  black.  Figure  7(b)  shows  the  same  sensor  state  with 
both  reconstruction  and  contouring  applied.  The  flow  has  been  shaded  by  element  (shown 
in  white),  and  the  flow  front  is  well  defined  by  using  DMR.  Figure  7(c)  is  the  same  flow 
showing  only  the  flow  front  where  DMR  has  been  used. 
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Figure  8  is  a  video  image  snapshot  of  flow  in  the  panel  correlated  in  time  with  Figures 
7(b)  and  7(c).  The  flow  in  Figures  7(b),  7(c),  and  8  is  in  very  good  agreement.  It  is  very 
easy  to  apply  reconstruction  (for  flow  front  rendering)  only,  reconstruction  and  contouring, 
or  neither  to  sensor  data  in  the  visualization  interface.  Making  the  choice  simply  involves 
choosing  a  menu  item  from  a  list.  This  gives  the  user  maximum  flexibility  in  choosing  how 
to  visualize  the  flow  and  the  flow  front. 


Figure  8:  Video  Image  of  Flat  Panel  Experiment. 


3.2  Gun  Mount  Shield 

The  interface  was  also  used  to  monitor  flow  in  a  much  more  complex  composite  part,  the 
XM194  Gun  Mount  Shield,  hereafter  referred  to  as  the  ballistic  shield.  Again,  SCRIMP  was 
used  to  fabricate  a  thinner  version  of  the  full  thickness  ballistic  shield.  The  actual  ballistic 
shield  part,  in  this  case  after  some  ballistic  damage  tests,  is  shown  in  Figure  9. 

Tows  were  placed  from  front  to  back  and  from  side  to  side  across  the  top  of  the  shield 
to  form  sensor  grids.  A  total  of  six  planar  sensor  grids  were  created,  including  one  in  the 
top,  one  in  the  back,  one  in  each  side,  and  two  in  the  front.  The  PC  visualization  tool  could 
only  display  one  sensor  grid  at  a  time  out  of  six  possible  grids.  The  SGI  visualization  tool 
continuously  displays  the  entire  ballistic  shield,  treating  the  shield  as  a  single  object  with  a 
set  of  properties  to  be  rendered.  Second,  the  SGI  tool  allows  the  user  to  move  or  spin  the 
shield  in  space  in  order  to  view  it  from  any  angle. 

The  shield  was  impregnated  with  resin  from  the  center  of  the  back  at  the  top.  Figure 
10(a)  shows  the  sensor  state  after  flow  has  proceeded  through  the  top  and  into  the  front, 
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sides,  and  back  of  the  shield.  Sensors  that  are  on  are  colored  white,  and  sensors  that  are 
off  are  still  colored  black.  Figure  10(b)  shows  the  reconstructed  and  contoured  flow  for  the 
sensor  state,  in  which  flow  is  shaded  by  element  using  DMR.  Last,  Figure  11  is  a  video  image 
snapshot  of  flow  in  the  shield  correlated  in  time  with  Figures  10(a)  and  10(b).  Again,  the 
flow  in  Figures  10(b)  and  11  is  in  good  agreement.  This  includes  flow  through  edges  and 
corners  from  one  area  of  the  shield  to  another.  This  is  critical  as  effects  like  race  tracking 
can  occur  along  edges.  The  presence  of  race  tracking  often  results  in  dry  spot  formation  and 
other  defects  in  molded  composite  parts  [15]. 

The  SGI  visualization  interface  successfully  monitored  resin  flow  in  a  simple  panel  and  the 
significantly  more  complex  ballistic  shield.  It  produced  accurate  flow  reconstruction  results, 
which  when  shaded  by  element  and  contoured  using  dynamic  mesh  refinement  resulted  in 
well  defined  flow  front  boundaries. 

4  Future  Directions 

Resin  flow  in  the  flat  panel  and  the  ballistic  shield  was  visualized  in  quasi-3D,  in  which  flow 
is  constrained  in  surfaces  with  no  thickness.  However,  the  2D  reconstruction  algorithm  is 
a  simplification  of  the  more  general  3D  case,  which  can  reconstruct  the  flow  front  in  full 
3D.  Visualization  is  significantly  more  difficult  in  full  3D,  as  individual  faces  of  3D  elements 
with  thickness  will  be  shaded  to  produce  an  expanding  “hollow  solid”  or  shell  representing 
the  flow  front,  rather  than  filling  of  entire  3D  elements.  Of  course,  visualization  in  full 
3D  is  necessary  to  show  the  flow  front  everywhere  and  not  just  near  the  surfaces,  in  thick 
composites.  In  the  full  3D  case,  a  tetrahedral  finite  element  mesh  and  the  3D  reconstruction 
algorithm  would  be  used.  The  3D  algorithm  would  construct  dynamic  tetrahedral  elements, 
which  would  be  interrogated  to  determine  what  face(s)  should  be  shaded  for  display. 

Using  the  visualization  interface  to  control  the  manufacturing  processes  for  composites 
fabrication  will  be  investigated  in  the  near  future  as  an  appropriate  control  decision  mecha¬ 
nism  is  added.  The  reconstruction  algorithm  solves  for  the  time  solution  of  every  mesh  node 
given  the  current  sensor  grid  state.  In  addition,  the  algorithm  can  solve  for  the  velocity  at 
every  mesh  node.  Knowledge  of  where  the  flow  is  (time)  and  where  it  is  going  (velocity) 
can  be  combined  and  utilized  by  some  form  of  intelligent  control.  Control  may  be  based 
on  statistical  methods,  heuristic  algorithms,  neural  networks  or  other  artificial  intelligence 
algorithms,  or  some  other  method. 

Current  work  in  RTM  flow  simulations  has  addressed  designing  and  developing  easy-to- 
use  graphical  interfaces  for  interactively  changing  simulation  variables  (e.g.,  number /location 
of  ports  and  vents,  open/close  ports  and  vents,  etc.)  during  the  simulation  [16].  The  U.S. 
Army  Research  Laboratory,  along  with  the  Mechanical  Engineering  Department  at  the  Uni¬ 
versity  of  Minnesota,  has  developed  a  pure  finite  element  methodology  for  RTM  flow  simu¬ 
lations  [17,  18,  19].  It  is  based  on  the  transient  mass  balance  equation  for  the  resin  mass  in 
conjunction  with  an  implicit  filling  technique  that  provides  solutions  for  both  the  pressure 
field  as  well  as  the  resin  front  progression.  Compared  to  the  explicit  Finite  Element-Control 
Volume  (FE-CV)  methodologies  used  in  other  approaches,  the  new  methodology  developed 
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(a)  Sensor  activation  only. 


(b)  Sensor  activation,  reconstruction,  and  contouring. 


Figure  10:  Ballistic  Shield  Experiments  and  Visualization. 
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Figure  11:  Photo  of  In-Process  Ballistic  Shield  Manufacture. 

is  faster  and  is  more  physically  accurate.  By  using  the  SGI  computer  system  with  custom- 
built  interfaces  from  XI 1 /Motif  and  Open  Inventor,  the  simulation  tool  is  quick  and  easy 
to  interact  with  and  provides  robust  3D  graphics  rendering.  The  capability  to  graphically 
animate  simulation  results  has  also  been  developed.  Currently,  the  flow  front  reconstruction 
methodology  and  the  simulation  methodology,  including  animation,  exist  as  separate  appli¬ 
cations.  Another  area  of  future  investigation  is  the  combination  of  the  two  methodologies 
in  the  SGI  visualization  interface  for  monitoring  and  flow  front  reconstruction/contouring. 
An  animated  simulation  could  be  shown  side  by  side  with  contoured  real-time  data.  The 
simulation  would  continue  in  time  step  with  the  acquisition  and  reconstruction  of  actual 
data,  showing  how,  if  at  all,  one  differs  from  the  other.  Simulation  results  can  also  be  incor¬ 
porated  with  the  dynamic  contouring  (DMR)  routines  to  provide  data  in  areas  relatively  far 
from  the  flow.  This  would  allow  a  simulation  to  guide  the  flow  reconstruction  early  in  time 
when  there  is  relatively  little  sensor  data,  but  become  less  dominant  as  more  sensor  data  is 
received  until  finally  the  simulation  is  dominated  by  the  sensor  data. 


5  Conclusions 

The  U.S.  Army  Research  Laboratory  has  developed  an  SGI-based  graphical  visualization 
tool  for  monitoring  and  displaying  resin  flow  in  near  real  time  in  composites  fabrication. 
It  receives  data  over  the  internet  from  a  data  acquisition  PC  via  TCP/IP  routines  on  the 
PC  and  a  network  listener  on  the  SGI.  The  tool  uses  a  fast  2D  reconstruction  algorithm  to 
locate  the  flow  front  in  time  based  on  a  finite  element  model.  Second,  the  tool  can  apply  a 
contouring  algorithm  with  dynamic  mesh  refinement  to  the  flow  front.  Writing  the  tool  in 
Open  Inventor  resulted  in  an  easy-to-use-and-understand  3D  graphical  interface  in  which  an 
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object  described  by  a  finite  element  mesh  and  the  flow  in  the  object  are  completely  rendered. 

Two  different  experiments  were  done  to  test  the  speed  and  accuracy  of  the  visualization 
tool.  In  the  first,  resin  flow  in  a  flat  panel  was  monitored  and  displayed  (rendered)  by  the 
tool.  There  was  good  agreement  between  the  actual  flow  front  as  recorded  by  video  camera, 
the  reconstructed  flow  front,  and  the  reconstructed  and  contoured  flow.  In  the  second,  resin 
flow  in  a  thin  version  of  the  XM194  Gun  Mount  Shield  was  monitored  and  rendered  by  the 
tool.  Again,  there  was  good  agreement  between  the  actual  flow  front  as  recorded  by  video 
camera,  the  reconstructed  flow  front,  and  the  reconstructed  and  contoured  flow,  including 
through  edges  from  one  plane  of  the  shield  to  another. 

Future  work  includes  visualization  of  the  flow  front  in  full-3D,  in  which  individual  faces 
of  3D  elements  with  thickness  will  be  shaded  to  produce  an  expanding  “hollow  solid”  or  shell 
representing  the  flow  front,  rather  than  filling  of  entire  3D  elements.  Developing  a  control 
methodology  based  on  the  location  (time)  and  the  direction  (velocity)  of  the  flow  front  will 
also  be  investigated.  Last,  combining  existing  simulation  methodology  with  the  visualization 
tool  will  be  investigated. 
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DPTY  CG  FOR  RDE  HQ 
US  ARMY  MATCOM 
AMCRD 

MG  BEAUCHAMP 
5001  EISENHOWER  AVE 
ALEXANDRIA  VA  22333-0001 

INST  FOR  ADVNCD  TCHNLGY 
THE  UNTV  OF  TEXAS  AT  AUSTIN 
PO  BOX  202797 
AUSTIN  TX  78720-2797 

GPS  JOINT  PROG  OFC  DIR 
COL  J  CLAY 

2435  VELA  WAY  STE  1613 
LOS  ANGELES  AFB  CA  90245-5500 


1  DARPA 
BKASPAR 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

1  NAVAL  SURFACE  WARFARE  CTR 
CODE  B07  J  PENNELLA 
17320  DAHLGRENRD 
BLDG  1470  RM  1101 
*  DAHLGREN  VA  22448-5100 

1  US  MILITARY  ACADEMY 

MATH  SCI  CTR  OF  EXCELLENCE 
DEPT  OF  MATHEMATICAL  SCI 
MDN  A  MAJ  DON  ENGEN 
THAYER  HALL 
WEST  POINT  NY  10996-1786 

1  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  CS  ALTA 
2800  POWDER  MILL  RD 
ADELPHI MD  20783-1145 

3  DIRECTOR 

US  ARMY  RESEARCH  LAB 
AMSRL  Cl  LL 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

ABERDEEN  PROVING  GROUND 

4  DIRUSARL 
AMSRL  Cl  LP  (305) 


19 


NO.  OF 
COPIES 

1 


1 


3 


5 


5 


ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


DIRECTOR 

5 

COMMANDER 

USARL 

US  ARMY  ARDEC 

AMSRL  CP  CA  D  SNIDER 

AMSTA  AR  CCH 

2800  POWDER  MILL  RD 

S  MUSALLI 

ADELPHI MD  20783 

P  CHRISTIAN 

RCARR 

COMMANDER 

M  LUCIANO 

US  ARMY  ARDEC 

T  LOUCEIRO 

AMSTA  AR  FSE  T  GORA 

PICATINNY  ARSENAL  NJ 

PICATINNY  ARSENAL  NJ 

07806-5000 

07806-5000 

1 

COMMANDER 

COMMANDER 

US  ARMY  ARDEC 

US  ARMY  ARDEC 

AMSTA  AR  E  FENNELL 

AMSTA  ARID 

PICATINNY  ARSENAL  NJ 

R  PRICE 

V  LINDNER 

07805-5000 

C  SPINELLI 

1 

COMMANDER 

PICATINNY  ARSENAL  NJ 

US  ARMY  ARDEC 

07806-5000 

AMSTA  AR  CCH 
PICATINNY  ARSENAL  NJ 

USARMYTACOM 

AMSTA  JSK 

07806-5000 

S  GOODMAN 

2 

COMMANDER 

J FLORENCE 

US  ARMY  ARDEC 

AMSTA  TRD 

AMSTA  AR 

BRAJU 

PICATINNY  ARSENAL  NJ 

L  HINOJOSA 

D  OSTBERG 

07806-5000 

WARREN  MI  48397-5000 

1 

COMMANDER 

US  ARMY  ARDEC 

PM  SAD  ARM 

AMSTA  AR  CCH  P 

SFAEGCSS  SD 

J  LUTZ 

COLB  ELLIS 

PICATINNY  ARSENAL  NJ 

M  DEVINE 

W  DEMASSI 

07806-5000 

J  PRITCHARD 

1 

COMMANDER 

SHROWNAK 

US  ARMY  ARDEC 

PICATINNY  ARSENAL  NJ 

AMSTA  ARFSFT 

07806-5000 

CUVECCHIA 

PICATINNY  ARSENAL  NJ 

COMMANDER 

US  ARMY  ARDEC 

07806-5000 

F  MCLAUGHLIN 

1 

COMMANDER 

PICATINNY  ARSENAL  NJ 

US  ARMY  ARDEC 

07806-5000 

AMSTA  ARQACT/C 

C PATEL 

PICATINNY  ARSENAL  NJ 
07806-5000 
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2  COMMANDER 
US  ARMYARDEC 
AMSTAARM 

D  DEMELLA 
FDIORIO 

PICAHNNY  ARSENAL  NJ 
07806-5000 

3  COMMANDER 
US  ARMY  ARDEC 
AMSTAARFSA 
A  WARNASH 
BMACHAK 
CCHIEFA 

PICATINNY  ARSENAL  NJ 
07806-5000 

8  DIRECTOR 

BENET  LABORATORIES 

AMSTA  AR  CCB 

J KEANE 

J  BATTAGLIA 

J  VASILAKIS 

GFFIAR 

V  MONTVORI 

J  WRZOCHALSKI 

RHASENBEIN 

AMSTA  AR  CCB  R  S  SOPOK 

WATERVLIET  NJ  12189 

1  COMMANDER 

SMCWV  QAE  Q  B  VANINA 
BLDG  44  WATERVLIET  ARSENAL 
WATERVLIET  NY  12189-4050 

1  COMMANDER 

SMCWV  SPM  T  MCCLOSKEY 
BLDG  253  WATERVLIET  ARSENAL 
WATERVLIET  NY  12189-4050 

1  COMMANDER 

SMCWV  QA  QS  K INSCO 
WATERVLIET  ARSENAL 
WATERVLIET  NY  12189-4050 

1  COMMANDER 
US  ARMYARDEC 
AMSMCPBMK 
PICATINNY  ARSENAL  NJ 
07806-5000 


1  COMMANDER 

US  ARMY  BELVOIR  RD&E  CTR 
STRBEJBC 

FORT  BELVOIR  VA  22060-5606 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTA  ARFSPG 
M  SCHEKSNIS 

D  CARLUCCI 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  US  ARMY  COLD  REGIONS  RSRCH 
&  ENGRNG  LAB 
PDUTTA 
72  LYME  RD 
HANOVER  NH  03755 

1  DIRECTOR 
USARL 

AMSRL  WTLD  WOODBURY 
2800  POWDER  MILL  RD 
ADELPHI MD  20783-1 145 

3  COMMANDER 

US  ARMY  MISSILE  CMD 
AMSMI  RD  W  MCCORKLE 
AMSMIRD  ST  P  DOYLE 
AMSMI  RD  ST  CN  T  VANDIVER 
REDSTONE  ARSENAL  AL 
35898-5247 

2  US  ARMY  RSRCH  OFC 
A  CROWSON 

J CHANDRA 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

5  PROJECT  MANAGER 
TMAS 

SFAEGSSCTMA 
COL  PAWLICKI 
KKIMKER 
EKOPACZ 
RROESER 
B  DORCY 

PICATINNY  ARSENAL  NJ 
07806-5000 
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PROJECT  MANAGER 
TMAS 

SFAEGSSCTMASMD 
R  KOWALSKI 
PICATTNNY  ARSENAL  NJ 
07806-5000 

PEO  FIELD  ARTILLERY  SYS 
SFAEFASPM 
H  GOLDMAN 
T  MCWILLIAMS 
PICAHNNY  ARSENAL  NJ 
07806-5000 

PROJECT  MGR  CRUSADER 
G  DELCOCO 
J  SHIELDS 

PICATTNNY  ARSENAL  NJ 
07806-5000 

NASA  LANGLEY  RSRCH  CTR 

MS  266 

AMSRLVS 

WELBER 

F  BARTLETT  JR 

HAMPTON  VA  23681-0001 

COMMANDER 

DARPA 

J KELLY 

B  WILCOX 

3701  N  FAIRFAX  DR 

ARLINGTON  VA  22203-1714 

COMMANDER 

WRIGHT  PATTERSON  AIR  FORCE  BASE 

WLFTV  A  MAYER 

WL  MLBM  S  DONALDSON 

T  BENSON  TOLLE 

C  BROWNING 

J  MCCOY 

F  ABRAHAMS 

2941  P  ST  STE  1 

DAYTON  OH  45433 

NSW  CTR 

DAHLGRENDIV 

CODEG06 

DAHLGREN  VA  22448 


NO.  OF 

COPIES  ORGANIZATION 

1  NAVAL  RSRCH  LAB 
CODE  6383 
IWOLOCK 

WASHINGTON  DC  20375-5000 

1  OFC  OF  NAVAL  RSRCH 

MECH  DIV  CODE  1 132SM 
YAPA  RAJAPAKSE 
ARLINGTON  VA  22217 

1  NSW  CTR 
CRANE  DIV 
M  JOHNSON 
CODE  20H4 

LOUISVILLE  KY  40214-5245 

1  DAVID  TAYLOR  RSRCH  CTR 
SHIP  STRUCTURES  & 

PROCTECTION  DEPT 

J  CORRADO  CODE  1702 
BETHESDA  MD  20084 

2  DAVID  TAYLOR  RSRCH  CTR 
R  ROCKWELL 
WPHYTLLAIER 
BETHESDA  MD  20054-5000 

1  DEFENSE  NUCLEAR  AGENCY 
INNOVATIVE  CONCEPTS  DIV 
DR  R  ROHR 
6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 

1  DR  FRANK  SHOUP 

EXPEDITIONARY  WARFARE  DIV  N85 
2000  NAVY  PENTAGON 
WASHINGTON  DC  20350-2000 

1  OFC  OF  NAVAL  RSRCH 

D  SIEGEL  351 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 

1  JOSEPH  H  FRANCIS 
NSW  CTR 
CODE  G30 
DAHLGREN  VA  2248 
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2  NSW  CTR 

CODE  G32  DON  WILSON 
CODE  G32RD  COOPER 
DAHLGREN  VA  22448 

4  NSW  CTR 
CODE  G33 
JOHN  FRAYSSE 
ELDRIDGEROWE 
TOM  DURAN 
LAURA  DESIMONE 
DAHLGREN  VA  22448 

1  COMMANDER 

NAVAL  SEA  SYS  CMD 
DLIESE 

2531  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5160 

1  NSW 

MARY  E  LACY  CODE  B02 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

1  NSW 

TECH  UB  CODE  323 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

4  DIRECTOR 

LAWRENCE  LIVERMORE  NATL  LAB 

R  CHRISTENSEN 

SDETERESA 

FMAGNESS 

M  FINGER 

PO  BOX  808 

LIVERMORE  CA  94550 

1  LOS  ALAMOS  NATL  LAB 

F  ADDESSIO 
MS  B216 
PO  BOX  1633 
LOS  ALAMOS  NM  87545 

1  LOS  ALAMOS  NATL  LAB 

RM  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  27831-6195 


1  PENN  STATE  UNIV 

CBAKIS 

227  N  HAMMOND 
UNIVERSITY  PARK  PA  16802 

3  UDLP 

4800  EAST  RIVER  RD 
PJANKE  MS170 
T  GIOVANETTT  MS236 
B  VAN  WYK  MS389 
MINNEAPOLIS  MN  55421-1498 

4  DIRECTOR 

SANDIA  NATL  LAB  APPLIED 

MECHANICS  DEPT  DIV  8241 

WKAWAHARA 

KPERANO 

D  DAWSON 

PNIELAN 

PO  BOX  969 

LIVERMORE  CA  94550-0096 

1  BATTELLE 

CR  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 

1  PACIFIC  NORTHWEST  LAB 
M  SMITH 
PO  BOX  999 
RICHLAND  WA  99352 

1  LAWRENCE  LIVERMORE  NATL  LAB 

M  MURPHY 
PO  BOX  808  L282 
LIVERMORE  CA  94550 

1  DREXELUNTV 

ALBERT  SD  WANG 
32ND&  CHESTNUT  ST 
PHILADELPHIA  PA  19104 

1  NC  STATE  UNIV 

CIVIL  ENGRNG  DEPT 
WRASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 
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PENN  STATE  UNIV 
RICHARD  MCNITT 
227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

PENN  STATE  UNIV 
RENATA  ENGEL 
245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 

CT  SUN 

W  LAFAYETTE  IN  47907-1282 

STANFORD  UNIV 
DEPT  OF  AERONAUTICS  & 
AEROBALUST1CS  DURANT  BLDG 
S  TSAI 

STANFORD  CA  94305 
UCLA 

MANE  DEPT  ENGR IV 

H  THOMAS  HAHN 

LOS  ANGELES  CA  90024-1597 


1  UNTV  OF  IL  AT  URBANA  CHAMPAIGN 
NATL  CTR  FOR  COMPOSITE 
MATERIALS  RSRCH 
216  TALBOT  LAB 
J  ECONOMY 
104  S  WRIGHT  ST 
URBANA  IL  61801 

1  UNIVOFKY 
LYNN  PENN 
763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

1  UNIV  OF  UT 

DEPT  OF  MECH  &  INDUSTRIAL  ENGR 
S  SWANSON 

SALT  LAKE  CITY  UT  841 12 

3  THE  UNIV  OF  TX  AT  AUSTIN  CTR  FOR 
ELECTROMECHANICS 
J  PRICE 
A  WALLS 
J  KJTZMILLER 
10100  BURNET  RD 
AUSTIN  TX  78758-4497 


UNIV  OF  DAYTON  RSRCH  INST 

RAN  Y  KIM 

AJITKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 

UNIVERSITY  OF  DAYTON 
JAMES  M  WHITNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

UNIV  OF  DE 

CTR  FOR  COMPOSITE  MATERIALS 

J  GILLESPIE 

M  SANT ARE 

201  SPENCER  LAB 

NEWARK  DE  18716 


3  VPI  AND  STATE  UNIV 

DEPTOFESM 
MWHYER 
KREEFSNEDER 
R  JONES 

BLACKSBURG  VA  24061-0219 

1  UNIV  OF  MD 

DR  ANTHONY  J  VIZ23NI 
DEPT  OF  AEROSPACE  ENGRNG 
COLLEGE  PARK  MD  20742 

1  AAICORP 

DR  T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  JOHN  HEBERT 
PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 
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1  ARMTEC  DEFENSE  PRODUCTS 
STEVE  DYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADVANCED  COMP  MATERIALS  CORP 
PHOOD 

J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

1  SAIC 

DAN  DAKIN 

2200  POWELL  ST  STE  1090 
EMERYVILLE  CA  94608 

1  SAIC 

MILES  PALMER 
2109  AIR  PARK  RDSE 
ALBUQUERQUE  NM  87106 

1  SAIC 

ROBERT  ACEBAL 

1225  JOHNSON  FERRY  RD  STE  100 

MARIETTA  GA  30068 

1  SAIC 

DR  GEORGE  CHRYSSOMALUS 
3800  W80TH  STREET 
STE  1090 

BLOOMINGTON  MN  5543 1 

4  ALLIANT  TECHS YSTEMS  INC 

CCANDLAND 
R BECKER 
LLEE 
RLONG 
DKAMDAR 
GKASSUELKE 
600  2ND  ST  NE 
HOPKINS  MN  55343-8367 

1  AMOCO  PERFORMANCE  PRODUCTS  INC 
MMICHNO  JR 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 


1  APPLIED  COMPOSITES 

WGRISCH 

333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 

1  BRUNSWICK  DEFENSE 

T  HARRIS 
STE  410 

1745  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22202 

1  PROJECTILE  TECHNOLOGY  INC 

515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 

1  CUSTOM  ANALYTICAL  ENGR  SYS  INC 

A  ALEXANDER 
13000  TENSOR  LANE  NE 
FUNTSTONE  MD  21530 

1  NOESIS  INC 

ALLEN  BOUTZ 
1 1 10  N  GLEBE  RD  STE  250 
ARLINGTON  VA  22201-4795 

1  ARROW  TECH  ASSO 

1233  SHELBURNE  RD  STE  D  8 
SOUTH  BURLINGTON  VT  05403-7700 

1  NSWC 

R  HUBBARD  G33C 
DAHLGRENDIV 
DAHLGREN  VA  22448-5000 

5  GEN  CORP  AEROJET 

DPILLASCH 
T COULTER 
C  FLYNN 
DRUBAREZUL 
M  GREINER 

1100  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 


25 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 

COPIES  ORGANIZATION 


7  CIVIL  ENGR  RSRCH  FOUNDATION 

H  BERNSTEIN  PRESIDENT 
CMAGNELL 
K  ALMOND 
R BELLE 
M  WILLETT 
EDELO 
B  MATTES 

1015  15TH  STNWSTE  600 
WASHINGTON  DC  20005 

1  NIST 

STRCTRE  &  MCHNCS  GROUP 
POLYMER  DIV  POLYMERS 
RMA209 

GREGORY  MCKENNA 
GAITHERSBURG  MD  20899 

1  DUPONT  COMPANY 

COMPOSITES  ARAMID  FIBERS 
S  BORLESKE  DVLPMNT  MGR 
CHESNUT  RUN  PLAZA 
PO  BOX  80702 

WILMINGTON  DE  19880-0702 

1  GENERAL  DYNAMICS 

LAND  SYSTEMS  DIVISION 
DBARTLE 
PO  BOX  1901 
WARREN  MI  48090 

3  HERCULES  INC 
RBOE 
FPOUCELLI 
JPOESCH 
PO  BOX  98 
MAGNA  UT  84044 

3  HERCULES  INC 
G  KUEBELER 
J  VERMEYCHUK 
B  MANDERVELLE  JR 
HERCULES  PLZ 
WILMINGTON  DE  19894 

1  HEXCEL 

M  SHELENDICH 
11555  DUBLIN  BLVD 
PO  BOX  2312 
DUBLIN  CA  94568-0705 


1  LAP  RESEARCH  INC 
A  CHALLITA 
2763  CULVER  AVE 
DAYTON  OH  45429 

5  INSTITUTE  FOR  ADVANCED  TECH 
TKIEHNE 
H  FAIR 
P  SULLIVAN 
WREINECKE 
IMCNAB 

4030  2  W  BRAKER  LN 
AUSTIN  TX  78759 

1  INTEGRATED  COMPOSITE  TECH 

H  PERKINSON  JR 
PO  BOX  397 

YORK  NEW  SALEM  PA  17371-0397 

1  INTERFEROMETRICS  INC 

R  LARRIVA  VICE  PRESIDENT 
8150  LEESBURG  PIKE 
VIENNA  VA  22100 

1  AEROSPACE  RES  &  DEV 

(ASRDD)  CORP 
D ELDER 
PO  BOX  49472 
COLORADO  SPRINGS  CO 
80949-9472 

1  PM  ADVANCED  CONCEPTS 
LORAL  VOUGHT  SYSTEMS 
J TAYLOR 

PO  BOX  650003 
MSWT21 

DALLAS  TX  76265-0003 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

K  COOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRIE  TX  75051 

1  BRIGS  CO 

JOEBACKOFEN 

2668  PETERBOROUGH  ST 

HERDON  VA  22071-2443 
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1  SOUTHWEST  RSRCH  INSTITUTE 
JACKRIEGEL 

ENGRG  &  MTRL  SCIENCES  DIV 
6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

1  ZERNOW  TECHNICAL  SERVICES 

LOUIS  ZERNOW 
425  W  BONITA  AVE  SUITE  208 
SAN  DIMAS  CA  91773 

1  ROBERT  EICHELBERGER 

CONSULTANT 
409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  DYNA  EAST  CORPORATION 
PEI  CHI  CHOU 

3201  ARCH  ST 

PHILADELPHIA  PA  19104-271 1 

2  MARTIN  MARIETTA  CORP 
P  DEWAR 

L  SPONAR 

230  EAST  GODDARD  BLVD 
KING  OF  PRUSSIA  PA  19406 

2  OLIN  CORPORATION 

FLINCHBAUGH  DIV 
E  STEINER 
B  STEWART 
PO  BOX  127 
RED  LION  PA  17356 

1  OLIN  CORPORATION 

L  WHITMORE 
10101  9TH  ST  NORTH 
ST  PETERBURG  FL  33702 

1  RENNSAELER  PLYTCHNC  INST 

RB  PIPES 
PRESIDENT  OFC 
PITTSBURGH  BLDG 
TROY  NY  12180-3590 

1  SPARTA  INC 

JGLATZ 

9455  TOWNE  CTR  DRIVE 
SAN  DIEGO  CA  92121-1964 


2  UNITED  DEFENSE  LP 
PPARA 
G  THOMAS 

1 107  COLEMAN  AVE  BOX  367 
SAN  JOSE  CA  95103 

1  MARINE  CORPS  SYSTEMS  CMD 

PROGRAM  MGR  GROUND  WPNS 
COL  RICK  OWEN 
2083  BARNETT  AVE  SUITE  3 15 
QUANTTCO  VA  22134-5000 

1  OFFICE  OF  NAVAL  RES 
J  KELLY 

800  NORTH  QUINCEY  ST 
ARLINGTON  VA  22217-5000 

2  NSWC 
CARDEROCK  DIV 

R  CRANE  CODE  2802 
C  WILLIAMS  CODE  6553 
3  A  LEGGETT  CIR 
ANNAPOLIS  MD  21402 

5  SIKORSKY 
H  BUTTS 
T  CARSTENSAN 
B  KAY 
S GARBO 
JADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06601-1381 

1  D  ADAMS 
U  WYOMING 
PO  BOX  3295 
LARAMIE  WY  82071 

1  MICHIGAN  ST  UNIVERSITY 

RAVERILL 
3515  EBMSM  DEPT 
EAST  LANSING  MI  48824-1226 

1  AMOCO  POLYMERS 

J  BANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30005 
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1  HEXCEL 

TBITZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 

1  BOEING 

RBOHLMANN 
PO  BOX  516  MC  5021322 
ST  LOUIS  MO  63166-0516 

1  NAVSEA  OJRI 

G  CAMPONESCHI 

2351  JEFFERSON  DAVIS  HWY 

ARLINGTON  VA  22242-5160 

1  LOCKHEED  MARTIN 

R  FIELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  USAF 

WUMLS  OLA  HAKIM 
5225  BAILEY  LOOP  243E 
MCCLELLAN  AFB  CA  55552 

1  PRATT  &  WHITNEY 
DHAMBRICK 
400  MAIN  ST  MS  11437 
EAST  HARTFORD  CT  06108 

1  DOUGLAS  PRODUCTS  DIV 

BOEING 

LJ  HART-SMITH 

3855  LAKEWOOD  BLVD 

D800-0019 

LONG  BEACH  CA  90846-0001 

1  MIT 

PLAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 

1  NASA  LANGLEY 

J  MASTERS 
MS  389 

HAMPTON  VA  23662-5225 


1  CYTEC 
M  LIN 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

2  BOEING  ROTORCRAFT 
PMINGURT 

P HANDEL 

800  B  PUTNAM  BLVD 

WALLINGFORD  PA  19086 

2  FAA  TECH  CENTER 
D  OPLINGER  AAR  43 1 
P  SHYPRYKEVICH  AAR  431 
ATLANTIC  CITY  INTL  AIRPORT  NJ 
08405 

1  NASA  LANGLEY  RC 
CC  POE  MS  188E 
NEWPORT  NEWS  VA  23608 
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